Seedling growth in mung beans (Phaseolus aureus, Roxb.) is accompanied by the metabolism of the reserve proteins, and the appearance in the cotyledons of a proteolytic enzyme with endopeptidase activity. Enzyme activity increases 25-fold during the first 5 days of growth. Cotyledon extracts prepared from seeds imbibed for 24 hr with water do not react with rabbit endopeptidase antiserum, which suggests that the enzyme is not present in the seeds as a zymogen. Labeling experiments show that the enzyme is synthesized in the course of seedling growth. The endopeptidase is localized in the protein bodies, and the specific activity of the enzyme in these organelles increases 30-fold. Ultrastructural studies show that the rough endoplasmic reticulum proliferates and may give rise to vesicles which fuse with the protein bodies prior to reserve protein digestion. These vesicles could be the primary lysosomes which transport the enzyme from its site of synthesis to its site of action.
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The cotyledons of leguminous seeds are rich in reserve proteins which are metabolized during seedling growth. These proteins are located in special organelles, called protein bodies, consisting of a protein matrix and a limiting membrane (1) . Growth of the seedlings is accompanied by an increase in the proteolytic activity in the cotyledons (2, 16) due to the appearance of a protease with endopeptidase activity (4) . Ultrastructural studies suggest that proteolysis occurs within the protein bodies. The protein matrix disappears and the protein bodies enlarge. Eventually all the "empty" protein bodies merge to form a central vacuole (5) . Protein bodies isolated from dry seeds or seeds germinated for 1 day contain proteolytic and other hydrolytic enzymes and these organelles are considered to be an integral component of the lytic compartment of the cell (for a review, see ref. 6 ). Both reserve proteins and proteases accumulate in the protein bodies during seed maturation, and it has been suggested that this allows proteolysis to begin soon after seed imbibition (7) .
Cotyledons of legurninous seeds are rich in protease inhibitors which decrease during early seedling growth (8, 3) . This observation has led to the suggestion that the onset of storage protein metabolism in legume seedlings is due to the activation of proteases in the protein bodies, and that this activation is causally related to the decline in protease-inhibitory activity (8, 9) . However, such a causal relationship has never been established and no one has demonstrated autolytic proteolysis in isolated protein bodies.
We now present evidence in support of an entirely different control mechanism for the metabolism of the reserve proteins in legume cotyledons. Our results with mung beans show that the endopeptidase responsible for reserve protein breakdown is synthesized de novo and becomes associated with the protein bodies. Ultrastructural evidence suggests that vesicles originating from the rough endoplasmic reticulum may mediate the transport of the enzyme from its site of synthesis to the protein bodies.
MATERIALS AND METHODS Preparation of Enzyme Extracts. Seeds of mung beans (Phaseolus aureus Roxb.) were grown as described earlier (4) . The cotyledons were homogenized with a mortar and pestle in 25 mM citrate-phosphate buffer at pH 5.7 containing 10 mM 2-mercaptoethanol and 0.02% sodium azide (further referred to as "homogenization buffer"). The homogenate was centrifuged at 20,000 X g for 20 min and the supernatant used as a source of protease. The enzyme activity remained constant for several weeks when stored at 4°. Endopeptidase activity was determined by viscometry with gelatin as a substrate (10, 4) . Results are expressed as the change in relative viscosity per hour. A decrease in relative viscosity of 1.0 represents 1 unit of enzyme activity. Mannosidase (a-D-mannoside mannohydrolase, EC 3.2.1.24) activity was determined with p-nitrophenyl-a-D-mannoside (4).
Density Labeling in D20. Seeds were grown in 66% D20 and 34% H20 or in 100% H20. Growth was much slower in D20. Cotyledons from H20-grown plants were collected after 6 days, and from D20-grown plants after 2 weeks. The cotyledons were homogenized and an aliquot containing 30 enzyme units mixed with 1 ml of saturated CsCl. The density of the solution was adjusted to 1.3 g/cm3 with homogenization buffer.
Equilibrium density centrifugation was carried out as described (11) . H235SO4 Incorporation into Seedlings and Enzyme Purification. One hundred fifty seedlings (4-days-old) were immersed upside down in 50 ml of sterile H20 containing 4 mCi of carrier-free H2s5SO4. After 18 hr, the plants were rinsed exhaustively, and the cotyledons homogenized in homogenization buffer. The enzyme was purified by chromatography on an affinity column, and on DEAE-cellulose. The affinity column was prepared by coupling a crude preparation of the endopeptidase inhibitor (10) 2.95 7 1.90 staining with Coomassie blue. Enzyme purified in this manner was injected into rabbits to obtain antiserum.
Isolation of Protein Bodies. Cotyledons (5 g) were chopped in 40% (wt/vol) sucrose containing in 25 mM citrate-phosphate buffer at pH 4.5 and 10 mM 2-mercaptoethanol. The homogenate was filtered through Miracloth, centrifuged at 500 X g for 5 min, and layered on a step gradient consisting of 20 ml of 40% (wt/vol) sucrose and 10 ml of 80% (wmt/vol) sucrose in the same buffer. The gradients were centrifuged for 60 min at 25,000 rpm in an SW 27 Spinco rotor. The protein bodies formed a sharp band on top of the 80% sucrose. Other cytoplasmic organelles banded on top of the 40% sucrose. A pasteur pipette was used to collect the supernatant with the cytoplasnic organelles and the protein body band. The increase in endopeptidase activity in the cotyledons of mung bean seedlings is shown in Table 1 . Enzyme activity increased gradually during the first 3 days of growth and more rapidly during the fourth and fifth days. More than 95% of the endopeptidase activity in the cotyledons of 5-day-old seedlings can be accounted for by one enzyme with an apparent molecular weight of 23,500 as determined by gel filtration, and with an isoelectric point of pH 3.7 as determined by isoelectrofocusing (data not shown).
Preliminary experiments indicated that the appearance of enzyme activity in the cotyledons was prevented when edlings were grown or isolated cotyledons were incubated in 5 A1g/ml of cycloheximide. Density labeling with deuterium from D20, and radioactive labeling with Ha ISOO4 were then used to determine whether or not the increase in enzymatic activity was due to de nowo synthesis of the enzyme. For the density labeling experiments, we used homogenates from cotyledons of seedlings grown in water or in 66% D20. The results (Fig.  1 ) indicated that the enzyme of control seedlings had a density of 1.329 g/cm3 and the enzyme of D20-grown seedlings had a density of 1.339 g/cm3 or an increase of 0.76% due to the D20. Larger shifts in density (up to 3%) have been obtained with other systems in which de novo synthesis of enzymes was demonstrated after the seeds had been germinated in solutions containing 80% or more D20 (4). Since mung bean cotyledons are rich in amino acids-released from the storage proteinsthe shift in density probably represents the exchange of the hydrogen atoms on the a-carbons of the amino acids. This exchange is possible when the amino acids are free but not after they are polymerized into polypeptides.
For the H2 5SO04 labeling experiments, enzyme was purified from the cotyledons of 5-day-old seedlings labeled for 24 hr prior to harvest. Elution profiles for the affinity resin and the DEAE-cellulose columns (see MateHals and Method,) are not shown here. The enzyme-containing fractions from the DEAE-cellulose column were pooled, concentrated, and an aliquot applied to an acrylamide gel (Tris buffer at pH 8.9; 7.5% acrylamide). The enzyme traveled as a single band, and radioactivity was associated with the two major protein bands on the gel (Fig. 2, left panel) . The enzyme was recovered from such dopeptidase. The gels were stained with Coomassie brilliant blue; radioactivity was determined after macerating a 6 mm slice in 2 ml of water and mixing the suspension with 15 ml of Aquasol (New England Nuclear Corp.). Enzyme activity was determined after macerating 6 mm slices in homogenization buffer and allowing the enzyme activity to diffuse into the buffer. (Fig. 2, right panel) . A comparison with standard of known molecular weights indicated that the protein had an apparent molecular weight of 22,500, a figure in good agreement with the molecular weight of the endopeptidase determined by gel filtration. The results indicate that radioactive sulfate became incorporated in the endopeptidase and confirm that the enzyme is synthesized during germination. Calculations show that the concentrate eluted from the DEAE-cellulose column contained 30% of the original enzyme activity and 2.4% of the radioactivity present in the original extract. About half of this radioactivity was associated with the endopeptidase which suggests that the enzyme accounted for at least 0.5%, and at most 3.5%, of the newly synthesized protein in the cotyledons.
Next we examined the possibility that the enzyme was present in the dry seeds as a zymogen which was activated during early seedling growth and subsequently turned over rapidly. Extracts from eotyledons obtained from seedlings of different ages were challenged with antiserum from rabbits injected with purified endopeptidase. The results of a double immunodiffusion experiment (Fig. 3) showed that proteins with antigenic determinants similar to those on the endopeptidase were not present in the cotyledons during the first 2 days of growth, appeared on the third day, and subsequently increased. This observation is consistent with the conclusion that the endopeptidase is not present as a zymogen in the dry seeds. Subcellular localization of the protease and digestion of protein bodies Ultrastructural observations suggest that protein hydrolysis occurs within the protein bodies. In seeds germinated for 2 days, a protein body consists of a dense matrix surrounded by a limiting membrane (Fig. 4) . By the third and fourth day of germination, the protein bodies of many cells appear to be undergoing proteolysis as demonstrated by the disappearance of the matrix (Fig. 5) . Protein bodies were isolated by centrifugation on discontinuous sucrose gradients. They sedimented through the 40% sucrose and formed a band on top of the 80% sucrose. The supernatant (cytosol + cellular organelles) and the protein bodies were assayed for total protein, protease, and a-mannosidase activity. The latter is a marker enzyme for protein bodies (13) . During growth, there is a marked decline in the amount of protein in the protein-body band (Table 2 ). This decline is probably due to the degradation of the protein in the protein bodies. Protease activity in the protein bodies increased dramatically resulting in a 30-fold increase in the specific activity of the enzyme. There was a similar increase in the protease activity of the supernatant fraction. An examination of the distribution of a-mannosidase-a protein body marker-showed that the activity of this enzyme increased by about 50%, but that the proportion of enzyme activity recovered in the protein body fraction declined from 70% to 17% during 5% days of growth. This decreased recovery of a protein body marker enzyme with the dense protein bodies sedimenting through 40% sucrose can be explained in two ways. The protein bodies most certainly become less dense once their reserve proteins have been digested, and "empty" protein bodies are probably much more susceptible to mechanical disruption during homogenization. The observation that an increasing amount of protease-up to 70% after 5% days of germination-is in the supernatant can probably be explained in the same way.
The localization of the enzyme in the protein bodies is consistent with its role as the major protease involved in digesting the reserve proteins (4, 13) . Recent experiments indicate that the purified enzyme readily digests purified storage protein (Baumgartner and Chrispeels, in preparation). This localization also suggests that the enzyme may need to be transported from its site of synthesis to its site of action. It has recently been suggested that proteins which accumulate in the protein bodies (14) . Such (1976) nated for 1 day contains many short strands of smooth endoplasmic reticulum (Fig. 6) . During the next 24-48 hr many long strands of rough endoplasmic reticulum are formed (Fig. 7) and thereis a 5-fold increase in the endoplasmic reticulum marker enzyme NADH-cytochrome c reductase (NADH-ferricytochrome oxidoreductase, EC 1.6.2.1) (data not shown). The long strands of rough endoplasmic reticulum often terminate in a small vesicle (Fig. 8) . A second change which occurs prior to the onset of reserve protein digestion is the appearance of vesicles on the limiting membrane of the protein bodies (Figs. 9  and 10 ). These vesicles appear to be merging with the protein body membrane prior to storage protein metabolism. A similar phenomenon apparently occurs during the gibberellic acid mediated breakdown of storage proteins in the aleurone grains of barley endosperm tissue (15) . Protein bodies are generally considered to be part of the lytic compartment of the plant cell (6) and these vesicles may represent primary lysosomes which transport hydrolytic enzymes from the rough endoplasmic reticulum to the protein bodies.
